7.2.3.2 Dominant Pathways and Sensitive Parameters in Area

SOUMCE .« v v v e e e e e e e e e 53

7.2.4 Parameter Correlation Results . .......... .. ... . ... 55

8 SUMMARY AND DISCUSSIONS ... e i 1
8.1 HIGHLIGHTS OF RESIDENTIAL SCENARIO RESULTS ................. 2

8.2 HIGHLIGHTS OF BUILDING OCCUPANCY SCENARIO RESULTS ........ 4

O REFERENCES . ... e 1

7.44 Ratio of Dose Distribution with and

without Uncertainty on Shielding Thickness for a Volume Source

in Building OccupanCy SCeNario . .. ..ottt 54
7.46 Ratio of Dose Distribution with and without Uncertainty

on Source Erosion Rate for a Volume Source in Building

OCCUPANCY SCENAMO . . . ottt ettt e e et et ettt 55
7.47 Ratio of Dose Distribution with and without

Uncertainty on Shielding Thickness for a Surface Source

in Building Occupancy SCeNario . .. ....vviviii i 62
7.48 Ratio of Dose Distribution with and without Uncertainty on
Room Area for a Surface Source in Building Occupancy Scenario ............ 62

7.49 Ratio of Dose Distribution with and without
Uncertainty on Removable Fraction for a Surface Source

in Building Occupancy SCeNnario . .. .......oui i e 63
7.50 Ratio of Dose Distribution with and without Uncertainty on

Source Life-Time for a Surface Source in Building Occupancy Scenario . .. .. .. 63
7.51 Ratio of Dose Distribution with and without Uncertainty on

Deposition Velocity for a Surface Source in Building Occupancy Scenario . . . .. 64
7.52 Ratio of Dose Distribution with and without Uncertainty on

Resuspension Rate for a Surface Source in Building Occupancy Scenario . . . . . 64

7.53 Ratio of Dose Distribution with and without Rank
Correlation between Deposition Velocity and Resuspension
Rate for a Surface Source in Building Occupancy Scenario . ................. 65

Figure 7.34 Dose Variability of Am-241 for a Surface Source
with Three Source Areas in Building Occupancy Scenario .............. 42

Figure 7.35 Dose Variability of C-14 for a Surface Source
with Three Source Areas in Building Occupancy Scenario .............. 42

Figure 7.36 Dose Variability of Co-60 for a Surface Source



with Three Source Areas in Building Occupancy Scenario .............. 43

Figure 7.37 Dose Variability of Cs-137 for a Surface Source
with Three Source Areas in Building Occupancy Scenario .............. 43

Figure 7.38 Dose Variability of H-3 for a Surface Source with Three Source
Areas in Building Occupancy Scenario ...........c.couiuiiiinenenannn.. 44

Figure 7.39 Dose Variability of Pu-239 for a Surface Source with Three
Source Areas in Building Occupancy Scenario ........................ 44

Figure 7.40 Dose Variability of Ra-226 for a Surface Source with Three
Source Areas in Building Occupancy Scenario ..............c.ccvuuuon.. 45

Figure 7.41 Dose Variability of Sr-90 for a Surface Source with Three
Source Areas in Building Occupancy Scenario ........................ 45

Figure 7.42 Dose Variability of Th-230 for a Surface Source with Three
Source Areas in Building Occupancy Scenario .................covu... 46

Figure 7.43 Dose Variability of U-238 for a Surface Source with Three
Source Areas in Building Occupancy Scenario ........................ 46

7.8. Four Most Sensitive Parameters Based on

SRRC Analysis and Dominant Pathways for a Volume
Source of 36-m? Area in a Building Occupancy Scenario . ................... 47

7.9. Four Most Sensitive Parameters Based on

7.10.

7.11.

7.12.

7.13.

SRRC Analysis and Dominant Pathways for a Volume

Source of 200-m? Area in a Building Occupancy Scenario .................. 49
Four Most Sensitive Parameters

Based on SRRC Analysis and Dominant Pathways for a Volume Source of 900-m?
Area in a Building Occupancy SCenario ..............uuiiriniennnenenan.. 51
Four Most Sensitive Parameters Based

on SRRC Analysis and Dominant Pathways for an Area Source

of 36-m? Area in a Building Occupancy Scenario ...................oouunn. 56
Four Most Sensitive Parameters Based on SRRC Analysis and Dominant Pathways
for an Area Source

of 200-m? Area in a Building Occupancy Scenario ......................... 58
Four Most Sensitive Parameters Based on SRRC Analysis and Dominant Pathways
for an Area Source of 900-m? Area in a Building Occupancy Scenario



Cumulative Probability

1.0

Dose Variability for Am-241 Surface Source

0.9 1
0.8 A
0.7 4
0.6 A
0.5 A
0.4 A
0.3
0.2 A
0.1 4
0.0

---®---36 m2 area
— -8 - -200 m2 area

—— —— 900 m2 area

0.0001

0.001 0.01 0.1

Dose mrem/yr per dpm/cm2

Figure 7.34 Dose Variability of Am-241 for a Surface Source
with Three Source Areas in Building Occupancy Scenario

Cumulative Probability

1.0

Dose Variability for C-14 Surface Source

0.9
0.8
0.7 4
0.6
0.5 4
0.4
0.3 +
0.2
0.1 +

0.0

---&---36 M2 area
— -@ - — 200 m2 area

—— —— 900 m2 area

1E-

09 1E-08 1E-07 1E-06 0.00001 0.0001

Dose mrem/yr per dpm/cm2

0.001

0.01

Figure 7.35 Dose Variability of C-14 for a Surface Source
with Three Source Areas in Building Occupancy Scenario

7-38




Cumulative Probability

1.0

Dose Variability for Co-60 Surface Source

---®--- 36 m2 area

0.9
0.8 A
0.7 4
0.6 A
0.5
0.4
0.3 1
0.2 A
0.1 4
0.0

— - @ - —-200 m2 area

— —— 900 m2 area

1.00E-03

1.00E-02 1.00E-01

Dose mrem/yr per dpm/cm2

1.00E+00

Figure 7.36 Dose Variability of Co-60 for a Surface Source
with Three Source Areas in Building Occupancy Scenario

Cumulative Probability

1.0

Dose Variability for Cs-137 Surface Source

— —— —36 m2 area

0.9 A1
0.8 A
0.7 A
0.6

0.5 A
0.4 4
0.3 A
0.2 4
0.1+

— - @ - —-200 m2 area

—— ——900 m2 area

0.0
0.0001

0.001 0.01

Dose mrem/yr per dpm/cm2

0.1

Figure 7.37 Dose Variability of Cs-137 for a Surface Source
with Three Source Areas in Building Occupancy Scenario

7-39




1.0

Dose Variability for H-3 Surface Source

0.9 A
0.8 A
0.7
0.6

0.5 A
0.4 4
0.3 A
0.2 4
0.1 4
0.0

Cumulative Probability

R

- - jiﬂ- —

7
s
.’f / /
R

o

l‘l
¥
.

.

1E-10

1E-09 1E-08 1E-07 0.000001 0.00001

Dose mrem/yr per dpm/cm2

0.0001

---®--- 36 m2area
— - @ - —-200 m2 area

—— ——900 m2 area

Figure 7.38 Dose Variability of H-3 for a Surface Source with Three Source
Areas in Building Occupancy Scenario

Dose Variability for Pu-239 Surface Source

---9--- 36 m2 area

1.0
0.9 +
0.8 A
0.7
0.6 -
0.5 A
0.4 4
0.3 1
0.2 4
0.1 4
0.0

Cumulative Probability

==

e - ’;.ﬁ/ S
» 4 ' /
K ’
/ /
'i
’

v

— - @ - —-200 m2 area

—— —— 900 m2 area

0.0001

0.001 0.01 0.1 1 10

Dose mrem/yr per dpm/cm2

100

Figure 7.39 D

ose Variability of Pu-239 for a Surface Source with Three Source
Areas in Building Occupancy Scenario

7-40




Dose Variability for Ra-226 Surface Source

1.0 B ---@--- 36 M2 area
0.9 1 :}ii/ — -E - —200 m2 area
08 ol / —— —— 900 m2 area

0.7 - -
0.6 - x4

0.5 - V'

0.4 =y
03 o

0.2 1 Sy

0.1 4 ke

0.0 T T T
0.001 0.01 0.1 1 10

Cumulative Probability

Dose mrem/yr per dpm/cm2

Figure 7.40 Dose Variability of Ra-226 for a Surface Source with Three
Source Areas in Building Occupancy Scenario

Dose Variability for Sr-90 Surface Source

10 Q-"j—rj"j? ---9--- 36 m2 area
0.9 4 7 = -~ —-®--200m2 area
0.8 A

—— ——900 m2 area

0.7 1 R
0.6 - R
0.5 - s
041 S/
P W
0.2 B {./

J e 7
0.1 ST

0.0 T T T T T
0.000001 0.00001  0.0001 0.001 0.01 0.1 1

Cumulative Probability

Dose mrem/yr per dpm/cm2

Figure 7.41 Dose Variability of Sr-90 for a Surface Source with
Three Source Areas in Building Occupancy Scenario

7-41




1.0

Dose Variability for Th-230 Surface Source

---®--- 36 m2 area

0.9 +
0.8
0.7
0.6
0.5 +
0.4
0.3 4
0.2
0.1 +

Cumulative Probability

ﬁ/ —-® - —-200 m2 area

—— ——900 m2 area

\ %

7
o / /

0.0
0.0001

0.001 0.01 0.1 1 10 100

Dose mrem/yr per dpm/cm2

Figure 7.

42 Dose Variability of Th-230 for a Surface Source with Three
Source Areas in Building Occupancy Scenario

Dose Variability for U-238 Surface Source

y
© o
© © o
| I

o o
o~
| I

Cumulative Probabilit
o oo
w O

© o
=N
1 1

o
o

é

0.001 001 0.1 1 10

Dose mrem/yr per dpm/cm?2

Figure 7.43 Dose Variability of U-238 for a Surface Source with

Three Source Areas in Building Occupancy Scenario

7-42




Table 7.8. Four Most Sensitive Parameters Based on
SRRC Analysis and Dominant Pathways for a Volume
Source of 36-m? Area in a Building Occupancy Scenario

Four Most Sensitive Parameters®
Based on SRRC Analysis

Dominant
Radionuclide Pathway?® 1 2 3 4
Ac-227+D° ext DSTH EROSO AREA
Ag-108m+D ext DSTH
Ag-110+D ext DSTH
Al-26 ext DSTH THICKO
Am-241 inh + ext EROSO | DSTH AREA H
Am-243+D ext DSTH
Au-195 ext DSTH
Bi-207 ext DSTH
C-14 ext DSTH EROSO DKSUS ub
Ca-41 inh + ing EROSO | AREA DKSUS ub
Cd-109 ext DSTH
Ce-144+D ext DSTH
Cf-252 inh EROSO | AREA H
Cl-36 ext DSTH
Cm-243 ext DSTH
Cm-244 inh EROSO | AREA H
Cm-248 inh EROSO | AREA H DKSUS
Co-57 ext DSTH
Co-60 ext DSTH THICKO
Cs-134 ext DSTH
Cs-135 ext DSTH DKSUS EROSO ub
Cs-137+D ext DSTH
Eu-152 ext DSTH
Eu-154 ext DSTH
Eu-155 ext DSTH
Fe-55 inh EROSO | AREA H ubD
Gd-152 inh EROSO | AREA H
Gd-153 ext DSTH
Ge-68+D ext DSTH
H-3 inh + ing AREA DKSUS ub H
1-129 ext DSTH EROSO DKSUS ub
K-40 ext DSTH THICKO
Mn-54 ext DSTH
Na-22 ext DSTH
Nb-94 ext DSTH
Ni-59 inh EROSO | AREA DKSUS H
Ni-63 inh EROSO | AREA DKSUS H
Np-237+D ext DSTH
Pa-231 ext DSTH AREA EROSO
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Table 7.8. Four Most Sensitive Parameters Based on
SRRC Analysis and Dominant Pathways for a Volume
Source of 36-m? Area in a Building Occupancy Scenario (Continued)

Four Most Sensitive Parameters®
Based on SRRC Analysis
Dominant
Radionuclide Pathway?® 1 2 3 4
Pb-210+D ext DSTH EROSO AREA DKSUS
Pm-147 ext DSTH EROSO AREA
Pu-238 inh EROSO | AREA H
Pu-239 inh EROSO | AREA H
Pu-240 inh EROSO | AREA H
Pu241+D inh EROSO | AREA H DSTH
Pu-242 inh EROSO | AREA H
Pu-244+D ext DSTH
Ra-226+D ext DSTH
Ra-228+D ext DSTH
Ru-106+D ext DSTH
Sh-125 ext DSTH
Sm-147 inh EROSO | AREA H
Sm-151 inh EROSO | AREA H
Sr-90+D ext DSTH ubD DSDEN
Tc-99 ext DSTH EROSO
Th-228+D ext DSTH THICKO
Th-229+D ext DSTH
Th-230+D inh AREA EROSO DSTH H
Th-232 ext DSTH AREA EROSO
TI-204 ext DSTH DSDEN
U-232 ext DSTH THICKO
U-233 inh EROSO | AREA DSTH H
U-234 inh EROSO | AREA H
U-235+D ext DSTH
U-236 inh EROSO | AREA H
U-238+D ext DSTH
ZN-65 ext DSTH

a Pathways: ext = external, inh = inhalation, ing = ingestion.

b Parameters are only listed if SRRC was greater than 0.1. Descriptive name of the
parameter is given in Table B.1.

¢ +D indicates that associated radionuclides with half-lives less than 6 months are
in secular equilibrium with the principal radionuclides.
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Table 7.9. Four Most Sensitive Parameters Based on
SRRC Analysis and Dominant Pathways for a Volume

Source of 200-m?2 Area in a Building Occupancy Scenario

Four Most Sensitive Parameters®
Based on SRRC Analysis
Dominant
Radionuclide Pathway? 1 2 3 4
Ac-227+D° ext DSTH AREA EROSO H
Ag-108m+D ext DSTH
Ag-110+D ext DSTH
Al-26 ext DSTH
Am-241 inh EROSO | AREA DSTH H
Am-243+D ext DSTH EROSO | AREA
Au-195 ext DSTH
Bi-207 ext DSTH
C-14 ext DSTH EROSO | DKSUS AREA
Ca-41 inh + ing EROSO | AREA DKSUS ub
Cd-109 ext DSTH
Ce-144+D ext DSTH
Cf-252 inh EROSO | AREA H
Cl-36 ext DSTH
Cm-243 ext DSTH EROSO | AREA
Cm-244 inh EROSO | AREA H
Cm-248 inh EROSO | AREA H
Co-57 ext DSTH
Co-60 ext DSTH
Cs-134 ext DSTH
Cs-135 ext DSTH DKSUS | EROSO ubD
Cs-137+D ext DSTH
Eu-152 ext DSTH
Eu-154 ext DSTH
Eu-155 ext DSTH
Fe-55 inh EROSO | AREA H ub
Gd-152 inh EROSO | AREA H DENSIO
Gd-153 ext DSTH
Ge-68+D ext DSTH
H-3 inh + ing AREA DKSUS | UD H
1-129 ext EROSO | DSTH DKSUS AREA
K-40 ext DSTH
Mn-54 ext DSTH
Na-22 ext DSTH
Nb-94 ext DSTH
Ni-59 inh EROSO | AREA DKSUS H
Ni-63 inh EROSO | AREA DKSUS H
Np-237+D ext DSTH AREA EROSO
Pa-231 ext DSTH AREA EROSO H
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Table 7.9. Four Most Sensitive Parameters Based on
SRRC Analysis and Dominant Pathways for a Volume

Source of 200-m? Area in a Building Occupancy Scenario (Continued)

Four Most Sensitive Parameters®
Based on SRRC Analysis
Dominant
Radionuclide Pathway? 1 2 3 4
Pb-210+D ext DSTH EROSO | AREA DKSUS
Pm-147 ext DSTH EROSO | AREA
Pu-238 inh EROSO | AREA H
Pu-239 inh EROSO | AREA H
Pu-240 inh EROSO | AREA H
Pu241+D inh EROSO | AREA H
Pu-242 inh EROSO | AREA H
Pu-244+D ext DSTH
Ra-226+D ext DSTH
Ra-228+D ext DSTH
Ru-106+D ext DSTH
Sh-125 ext DSTH
Sm-147 inh EROSO | AREA H
Sm-151 inh EROSO | AREA H
Sr-90+D ext DSTH AREA DSDEN ubD
Tc-99 ext DSTH EROSO | AREA DKSUS
Th-228+D ext DSTH
Th-229+D ext DSTH AREA EROSO
Th-230+D inh EROSO | AREA H DSTH
Th-232 ext DSTH AREA EROSO
TI-204 ext DSTH
U-232 ext DSTH
U-233 inh EROSO | AREA H DSTH
U-234 inh EROSO | AREA H
U-235+D ext DSTH AREA
U-236 inh EROSO | AREA H
U-238+D ext DSTH AREA EROSO
ZN-65 ext DSTH

a Pathways: ext = external, inh = inhalation, ing = ingestion.

b Parameters are only listed if SRRC was greater than 0.1. Descriptive name of the
parameter is given in Table B.1.

¢ +D indicates that associated radionuclides with half-lives less than 6 months are in

secular equilibrium with the principal radionuclides.
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Table 7.10. Four Most Sensitive Parameters

Based on SRRC Analysis and Dominant Pathways for a Volume
Source of 900-m?2 Area in a Building Occupancy Scenario

Four Most Sensitive Parameters®
Based on SRRC Analysis

Dominant
Radionuclide Pathway? 1 2 3 4
Ac-227+D° ext DSTH EROSO AREA H
Ag-108m+D ext DSTH
Ag-110+D ext DSTH
Al-26 ext DSTH
Am-241 inh EROSO | AREA H
Am-243+D ext DSTH EROSO AREA
Au-195 ext DSTH
Bi-207 ext DSTH
C-14 ext DSTH EROSO DKSUS | AREA
Ca-41 inh + ing EROSO | AREA DKSUS | UD
Cd-109 ext DSTH EROSO AREA
Ce-144+D ext DSTH
Cf-252 inh EROSO | AREA H
CI-36 ext DSTH
Cm-243 ext DSTH EROSO AREA
Cm-244 inh EROSO | AREA H
Cm-248 inh EROSO | AREA H
Co-57 ext DSTH
Co-60 ext DSTH
Cs-134 ext DSTH
Cs-135 ext DSTH DKSUS EROSO
Cs-137+D ext DSTH
Eu-152 ext DSTH
Eu-154 ext DSTH
Eu-155 ext DSTH
Fe-55 inh EROSO | AREA H uD
Gd-152 inh EROSO | AREA H
Gd-153 ext DSTH
Ge-68+D ext DSTH
H-3 inh + ing AREA DKSUS ub H
[-129 inh + ing EROSO | DKSUS AREA ub
K-40 ext DSTH
Mn-54 ext DSTH
Na-22 ext DSTH
Nb-94 ext DSTH
Ni-59 inh EROSO | AREA DKSUS | H
Ni-63 inh EROSO | AREA DKSUS | H
Np-237+D ext DSTH AREA EROSO
Pa-231 inh EROSO | AREA DSTH H
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Table 7.10. Four Most Sensitive Parameters
Based on SRRC Analysis and Dominant Pathways for a Volume
Source of 900-m? Area in a Building Occupancy Scenario (Continued)

Four Most Sensitive Parameters®
Based on SRRC Analysis
Dominant
Radionuclide Pathway? 1 2 3 4
Pb-210+D inh EROSO | AREA DKSUS | UD
Pm-147 ext DSTH EROSO AREA H
Pu-238 inh EROSO | AREA H
Pu-239 inh EROSO | AREA H
Pu-240 inh EROSO | AREA H
Pu241+D inh EROSO | AREA H
Pu-242 inh EROSO | AREA H
Pu-244+D ext DSTH
Ra-226+D ext DSTH
Ra-228+D ext DSTH
Ru-106+D ext DSTH
Sh-125 ext DSTH
Sm-147 inh EROSO | AREA H
Sm-151 inh EROSO | AREA H
Sr-90+D ext DSTH AREA EROSO | DSDEN
Tc-99 ext DSTH EROSO AREA DKSUS
Th-228+D ext DSTH
Th-229+D ext DSTH AREA EROSO | H
Th-230+D inh EROSO | AREA H
Th-232 inh + ext AREA EROSO DSTH H
TI-204 ext DSTH
U-232 ext DSTH AREA EROSO
U-233 inh EROSO | AREA H
U-234 inh EROSO | AREA H
U-235+D ext DSTH EROSO AREA
U-236 inh EROSO | AREA H
U-238+D ext DSTH AREA EROSO
ZN-65 ext DSTH

a Ppathways: ext = external, inh = inhalation, ing = ingestion.

b Parameters are only listed if SRRC was greater than 0.1. Descriptive name of
the parameter is given in Table B.1.

¢ +D indicates that associated radionuclides with half-lives less than 6 months are
in secular equilibrium with the principal radionuclides.
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and without the uncertainty on shielding
thickness is shown in Figure 7.44.

For radionuclides for which inhalation was the
dominant pathway, room area and source erosion
rate were two dominant parameters that
contributed to large dose variability. Three
radionuclides (Am-241, Cm-244, and Pu-238)
were selected to study the effect of room area
and erosion rate on the dose variability.
Figures 7.45 and 7.46 show the dose ratio
(95th percentile dose to 50th percentile dose)
with and without the uncertainty on room area
and source erosion rate.

7.2.3.2 Dominant Pathways and Sensitive
Parameters in Area Source

Tables 7.11 through 7.13 list the four most
sensitive parameters based on SRRC along with
the dominant pathway for the three sources.
Tables C.7 through C.9 in Appendix C present
detailed information, including SRRC values. Only
sensitive parameters with SRRC values of $0.1
are only listed in these tables. An SRRC value of
0.1 means that one standard deviation change in
the parameter value will change the resultant
dose by 0.1 times the standard deviation of the
dose.

For radionuclides for which external exposure
was the dominant pathway, shielding thickness
was found to be the dominant contributor to the
dose variability. Three radionuclides (Co-60,
Al-26, and Eu-152) were selected to study the
effect of shielding thickness. It was observed that
after removing the shielding thickness from
uncertainty analysis, dose variability was
significantly reduced. Figure 7.47 shows the dose
ratio (95th percentile dose to 50th percentile
dose) with and without the uncertainty on
shielding thickness.
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For radionuclides for which inhalation was the
dominant pathway, many parameters (e.g., room
area, removable fraction, source lifetime)
contributed to the dose variability. Figures 7.48
through 7.50 show the dose ratio (95th percentile
dose to 50th percentile dose) with and without
the uncertainty for room area, removable fraction,
and source lifetime, respectively, for Am-241, Pu-
239, and U-238.

For radionuclides with the ingestion pathway as
the dominant contributor to the dose, apart from
three parameters (room area, removable fraction,
source life-time) that contributed to dose
variability in the inhalation pathway, deposition
velocity and resuspension rate also showed high
sensitivity. Figures 7.51 and 7.52 show the effect
of deposition velocity and resuspension rate on
the dose variability for C-14, 1-129, and Cs-135.

7.2.4 Parameter Correlation Results

The results showed that resuspension rate and
deposition velocity were sensitive parameters for
some radionuclides (e.g., C-14, Ca-41, Cs-135,
and I-129) in the case of volume sources. A
positive rank correlation of 0.9 was used between
deposition velocity and resuspension rate. Four
radionuclides (Ca-41, 1-129, C-14, and Cs-135)
were selected to study the effect of correlation.
Figure 7.53 shows the difference in dose
variability with and without correlation between
deposition velocity and resuspension rate. Dose
variability was considerably reduced by the use of
correlation. In the absence of knowledge of real
correlation between deposition velocity and
resuspension rate, rank correlation was not used
in the analysis.
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Table 7.11. Four Most Sensitive Parameters Based

on SRRC Analysis and Dominant Pathways for an Area Source

of 36-m2 Area in a Building Occupancy Scenario

Four Most Sensitive Parameters®
Based on SRRC Analysis

Dominant
Radionuclide Pathway? 1 2 3 4
Ac-227+D° inh AREA RFO RMVFR H
Ag-108m+D ext DSTH
Ag-110+D ext DSTH
Al-26 ext DSTH
Am-241 inh AREA RFO RMVFR H
Am-243+D inh AREA RFO RMVFR DSTH
Au-195 ext DSTH
Bi-207 ext DSTH
C-14 inh + ing AREA DKSUS | RFO RMVFR
Ca-41 inh + ing AREA DKSUS | RFO RMVFR
Cd-109 ext DSTH AREA RFO RMVFR
Ce-144+D ext DSTH
Cf-252 inh AREA RFO RMVFR H
Cl-36 ext DSTH AREA RFO uD
Cm-243 inh AREA RFO RMVFR DSTH
Cm-244 inh AREA RFO RMVFR H
Cm-248 inh AREA RFO RMVFR H
Co-57 ext DSTH
Co-60 ext DSTH
Cs-134 ext DSTH
Cs-135 inh + ing DKSUS | AREA RFO DSTH
Cs-137+D ext DSTH
Eu-152 ext DSTH
Eu-154 ext DSTH
Eu-155 ext DSTH
Fe-55 inh AREA RFO RMVFR H
Gd-152 inh AREA RFO RMVFR H
Gd-153 ext DSTH
Ge-68+D ext DSTH
H-3 inh + ing AREA RFO RMVFR DKSUS
I-129 ing DKSUS | AREA RFO RMVFR
K-40 ext DSTH
Mn-54 ext DSTH
Na-22 ext DSTH
Nb-94 ext DSTH
Ni-59 inh AREA RFO RMVFR H
Ni-63 inh AREA RFO RMVFR H
Np-237+D inh AREA RFO RMVFR DSTH
Pa-231 inh AREA RFO RMVFR H
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Table 7.11. Four Most Sensitive Parameters Based

on SRRC Analysis and Dominant Pathways for an Area Source
of 36-m?2 Area in a Building Occupancy Scenario (Continued)

Four Most Sensitive Parameters®
Based on SRRC Analysis

Dominant
Radionuclide Pathway? 1 2 3 4
Pb-210+D inh AREA RFO RMVFR DKSUS
Pm-147 inh AREA RFO RMVFR DSTH
Pu-238 inh AREA RFO RMVFR H
Pu-239 inh AREA RFO RMVFR H
Pu-240 inh AREA RFO RMVFR H
Pu241+D inh AREA RFO RMVFR H
Pu-242 inh AREA RFO RMVFR H
Pu-244+D ext DSTH AREA RFO RMVFR
Ra-226+D ext DSTH
Ra-228+D ext DSTH AREA RFO RMVFR
Ru-106+D ext DSTH
Sh-125 ext DSTH
Sm-147 inh AREA RFO RMVFR H
Sm-151 inh AREA RFO RMVFR H
Sr-90+D inh AREA RFO DSTH RMVFR
Tc-99 inh + ext DSTH AREA RFO RMVFR
Th-228+D ext DSTH AREA RFO RMVFR
Th-229+D inh AREA RFO RMVFR H
Th-230+D inh AREA RFO RMVFR H
Th-232 inh AREA RFO RMVFR H
TI-204 ext DSTH AREA RFO uD
U-232 inh AREA RFO RMVFR DSTH
U-233 inh AREA RFO RMVFR H
U-234 inh AREA RFO RMVFR H
U-235+D inh + ext DSTH AREA RFO RMVFR
U-236 inh AREA RFO RMVFR H
U-238+D inh AREA RFO RMVFR H
ZN-65 ext DSTH

a Pathways: ext = external, inh = inhalation, ing = ingestion.

b Parameters are only listed if SRRC was greater than 0.1. Descriptive name of the
parameter is given in Table B.1.

¢ +D indicates that associated radionuclides with half-lives less than 6 months are in

secular equilibrium with the principal radionuclides.
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Table 7.12. Four Most Sensitive Parameters Based on SRRC Analysis
and Dominant Pathways for an Area Source

of 200-m? Area in a Building Occupancy Scenario

Four Most Sensitive Parameters®
Based on SRRC Analysis
Dominant

Radionuclide Pathway? 1 2 3 4
Ac-227+D° inh AREA RFO RMVFR H
Ag-108m+D ext DSTH
Ag-110+D ext DSTH
Al-26 ext DSTH
Am-241 inh AREA RFO RMVFR H
Am-243+D inh AREA RFO RMVFR H
Au-195 ext DSTH AREA RFO RMVFR
Bi-207 ext DSTH
C-14 inh + ing AREA DKSUS | RFO RMVFR
Ca-41 inh + ing AREA DKSUS | RFO RMVFR
Cd-109 ext DSTH AREA RFO RMVFR
Ce-144+D ext DSTH
Cf-252 inh AREA RFO RMVFR H
Cl-36 ext DSTH AREA RFO RMVFR
Cm-243 inh AREA RFO RMVFR H
Cm-244 inh AREA RFO RMVFR H
Cm-248 inh AREA RFO RMVFR H
Co-57 ext DSTH
Co-60 ext DSTH
Cs-134 ext DSTH
Cs-135 inh + ing DKSUS | AREA RFO RMVFR
Cs-137+D ext DSTH
Eu-152 ext DSTH
Eu-154 ext DSTH
Eu-155 ext DSTH AREA RFO RMVFR
Fe-55 inh AREA RFO RMVFR H
Gd-152 inh AREA RFO RMVFR H
Gd-153 ext DSTH AREA RFO RMVFR
Ge-68+D ext DSTH
H-3 inh + ing AREA RFO RMVFR DKSUS
1-129 inh + ing DKSUS | AREA RFO RMVFR
K-40 ext DSTH
Mn-54 ext DSTH
Na-22 ext DSTH
Nb-94 ext DSTH
Ni-59 inh AREA RFO RMVFR H
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Table 7.12. Four Most Sensitive Parameters Based on SRRC Analysis
and Dominant Pathways for an Area Source
of 200-m? Area in a Building Occupancy Scenario (Continued)

Four Most Sensitive Parameters®
Based on SRRC Analysis
Dominant

Radionuclide Pathway? 1 2 3 4
Ni-63 inh AREA RFO RMVFR H
Np-237+D inh AREA RFO RMVFR H
Pa-231 inh AREA RFO RMVFR H
Pb-210+D inh + ing AREA RFO RMVFR DKSUS
Pm-147 inh AREA RFO RMVFR H
Pu-238 inh AREA RFO RMVFR H
Pu-239 inh AREA RFO RMVFR H
Pu-240 inh AREA RFO RMVFR H
Pu241+D inh AREA RFO RMVFR H
Pu-242 inh AREA RFO RMVFR H
Pu-244+D inh AREA DSTH RFO RMVFR
Ra-226+D ext DSTH AREA RFO
Ra-228+D ext DSTH AREA RFO RMVFR
Ru-106+D ext DSTH
Sb-125 ext DSTH
Sm-147 inh AREA RFO RMVFR H
Sm-151 inh AREA RFO RMVFR H
Sr-90+D inh AREA RFO RMVFR ub
Tc-99 inh AREA RFO RMVFR DSTH
Th-228+D ext DSTH AREA RFO RMVFR
Th-229+D inh AREA RFO RMVFR H
Th-230+D inh AREA RFO RMVFR H
Th-232 inh AREA RFO RMVFR H
TI-204 ext DSTH AREA RFO uD
U-232 inh AREA RFO RMVFR H
U-233 inh AREA RFO RMVFR H
U-234 inh AREA RFO RMVFR H
U-235+D inh AREA RFO RMVFR DSTH
U-236 inh AREA RFO RMVFR H
U-238+D inh AREA RFO RMVFR H
ZN-65 ext DSTH

a pathways: ext = external, inh = inhalation, ing = ingestion.

b Parameters are only listed if SRRC was greater than 0.1. Descriptive name

of the parameter is given in Table B.1.

¢ +D indicates that associated radionuclides with half-lives less than
6 months are in secular equilibrium with the principal radionuclides.
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Table 7.13. Four Most Sensitive Parameters Based on SRRC Analysis
and Dominant Pathways for an Area Source of 900-m2 Area in a

Building Occupancy Scenario

Four Most Sensitive Parameters®
Based on SRRC Analysis
Dominant

Radionuclide Pathway? 1 2 3 4
Ac-227+D° inh AREA RFO RMVFR H
Ag-108m+D ext DSTH
Ag-110+D ext DSTH
Al-26 ext DSTH
Am-241 inh AREA RFO RMVFR H
Am-243+D inh AREA RFO RMVFR H
Au-195 ext DSTH AREA RFO RMVFR
Bi-207 ext DSTH
C-14 inh +ing AREA DKSUS RFO RMVFR
Ca-41 inh + ing AREA DKSUS RFO RMVFR
Cd-109 inh AREA DSTH RFO RMVFR
Ce-144+D ext DSTH AREA RFO RMVFR
Cf-252 inh AREA RFO RMVFR H
Cl-36 inh AREA DSTH RFO RMVFR
Cm-243 inh AREA RFO RMVFR H
Cm-244 inh AREA RFO RMVFR H
Cm-248 inh AREA RFO RMVFR H
Co-57 ext DSTH
Co-60 ext DSTH
Cs-134 ext DSTH
Cs-135 ing DKSUS | AREA RFO RMVFR
Cs-137+D ext DSTH
Eu-152 ext DSTH
Eu-154 ext DSTH
Eu-155 ext DSTH AREA RFO RMVFR
Fe-55 inh AREA RFO RMVFR H
Gd-152 inh AREA RFO RMVFR H
Gd-153 ext DSTH AREA RFO RMVFR
Ge-68+D ext DSTH
H-3 inh + ing AREA RFO RMVFR DKSUS
1-129 inh + ing DKSUS | AREA RFO RMVFR
K-40 ext DSTH
Mn-54 ext DSTH
Na-22 ext DSTH
Nb-94 ext DSTH
Ni-59 inh AREA RFO RMVFR H
Ni-63 inh AREA RFO RMVFR H
Np-237+D inh AREA RFO RMVFR H
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Table 7.13. Four Most Sensitive Parameters Based on SRRC Analysis
and Dominant Pathways for an Area Source of 900-m2 Area in a
Building Occupancy Scenario (Continued)

Four Most Sensitive Parameters®
Based on SRRC Analysis

Dominant
Radionuclide Pathway? 1 2 3 4
Pa-231 inh AREA RFO RMVFR H
Pb-210+D inh + ing AREA RFO RMVFR DKSUS
Pm-147 inh AREA RFO RMVFR H
Pu-238 inh AREA RFO RMVFR H
Pu-239 inh AREA RFO RMVFR H
Pu-240 inh AREA RFO RMVFR H
Pu241+D inh AREA RFO RMVFR H
Pu-242 inh AREA RFO RMVFR H
Pu-244+D inh AREA RFO RMVFR H
Ra-226+D ext DSTH AREA RFO uD
Ra-228+D ext DSTH AREA RFO RMVFR
Ru-106+D ext DSTH AREA RFO
Sh-125 ext DSTH
Sm-147 inh AREA RFO RMVFR H
Sm-151 inh AREA RFO RMVFR H
Sr-90+D inh AREA RFO RMVFR H
Tc-99 inh + ing AREA RFO RMVFR DKSUS
Th-228+D inh AREA RFO RMVFR DSTH
Th-229+D inh AREA RFO RMVFR H
Th-230+D inh AREA RFO RMVFR H
Th-232 inh AREA RFO RMVFR H
TI-204 ext DSTH AREA RFO uD
U-232 inh AREA RFO RMVFR H
U-233 inh AREA RFO RMVFR H
U-234 inh AREA RFO RMVFR H
U-235+D inh AREA RFO RMVFR H
U-236 inh AREA RFO RMVFR H
U-238+D inh AREA RFO RMVFR H
ZN-65 ext DSTH

a Pathways: ext = external, inh = inhalation, ing = ingestion.

b Parameters are only listed if SRRC was greater than 0.1. Descriptive name
of the parameter is given in Table B.1.

¢ +D indicates that associated radionuclides with half-lives less than 6 months
are in secular equilibrium with the principal radionuclides.
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Ratio of Dose Distribution ( 95% to 50%) with and
without Uncertainty on Sheilding thickness
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Figure 7.47 Ratio of Dose Distribution with and without
Uncertainty on Shielding Thickness for a Surface Source
in Building Occupancy Scenario
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Figure 7.48 Ratio of Dose Distribution with and without Uncertainty on
Room Area for a Surface Source in Building Occupancy Scenario
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Ratio of Dose Distribution ( 95% to 50%) with and
without Uncertainty on Removable Fraction
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Figure 7.49 Ratio of Dose Distribution with and without
Uncertainty on Removable Fraction for a Surface Source
in Building Occupancy Scenario
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Figure 7.50 Ratio of Dose Distribution with and without Uncertainty on
Source Lifetime for a Surface Source in Building Occupancy Scenario
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Ratio of Dose Distribution ( 95% to 50%) with and
without Uncertainty on Deposition Velocity
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Figure 7.51 Ratio of Dose Distribution with and without Uncertainty on
Deposition Velocity for a Surface Source in Building Occupancy Scenario
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Figure 7.52 Ratio of Dose Distribution with and without Uncertainty on
Resuspension Rate for a Surface Source in Building Occupancy Scenario
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Figure 7.53 Ratio of Dose Distribution with and without Rank
Correlation between Deposition Velocity and Resuspension
Rate for a Surface Source in Building Occupancy Scenario
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8 SUMMARY AND DISCUSSION

The probabilistic dose analysis discussed in this
report was conducted to assess the effects of
parameter distributions on estimated doses for
residual radionuclides as calculated with the
RESRAD and RESRAD-BUILD codes for the
residential and building occupancy scenarios,
respectively. Parameter distributions developed
by Biwer et al. (2000) were successfully
incorporated into the RESRAD and RESRAD-
BUILD codes, and the capability of the two codes
to conduct site-specific analyses was tested.

The probabilistic dose analysis was performed by
using the stratified sampling of the Latin
hypercube sampling (LHS) method to obtain a
collection of input distributions. This method
provides a rather efficient process for
multiparameter sampling. In the analysis, the
total effective dose equivalent (TEDE) was
estimated for an average member of the critical
group under the two scenarios used to assess
compliance with the U.S. Nuclear Regulatory
Commission’s (NRC’s) decommissioning and
license termination criteria. For RESRAD, the
peak dose within a time frame of 1,000 years was
captured; for RESRAD-BUILD, the dose at time 0
was computed.

The dose distribution analysis conducted for this
report used the generic distributions developed in
the Parameter Distribution Report (Biwer

et al., 2000) to test the distribution data and to
demonstrate the capability of RESRAD and
RESRAD-BUILD to perform a site-specific
analysis. The specific strategy used to select
input values depended on the parameter
categories (physical, behavioral, or metabolic).
The effect of correlation of input parameter
distribution was studied. In cases when a clear
relationship was identified (such as bulk density
and total porosity and total porosity and effective
porosity), strong rank correlations were used.

Some parameters previously identified to be
important to dose values (Cheng et al., 1999)
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were confirmed in the analysis. For RESRAD,
such parameters include radionuclide
concentrations, source area, and source
thickness. For RESRAD-BUILD, these
parameters include radionuclide concentrations
and source area. To illustrate the sensitivity of
the parameters, three source configurations were
analyzed for RESRAD: (1) area of 100 m? and
thickness of 15 cm; (2) area of 2,400 m? and
thickness of 15 cm; (3) area of 10,000 m? and
thickness of 2 m. For RESRAD-BUILD, three
different areas (36 m?, 200 m?, and 900 m?) were
analyzed for area sources, and the same three
areas (36 m?, 200 m?, and 900 m?) along with the
probability distribution on source thickness were
used for volume sources.

Results for the residential scenario indicate that
for a change from the baseline configuration
(source configuration 1) to an increased area
(source configuration 2), a 19-fold increase in the
estimated dose could occur, while a change from
the baseline case to an extended thickness and
area (source configuration 3) could lead a 100-
fold increase in the estimated dose. Similarly for
the building occupancy scenario, a change in
source area could lead to a 25-fold increase in
the estimated dose.

Quantile values (at 50th percentile and 90th
percentile) of the dose distributions were
generated. Dose spread for different radionuclides
was identified by the ratio of dose at the 99th
percentile to that at the 50th percentile for the
residential scenario and by the ratio of dose at
the 95th percentile to that at the 50th percentile
for the building occupancy scenario. Regression
analysis was used to identify sensitive
parameters. The partial rank correlation
coefficients and standardized rank regression
coefficients were used as illustrative examples in
the residential and building occupancy scenarios,
respectively. The effects of sensitive parameters
on distribution were studied for selected
radionuclides.



Results demonstrate the successful integration of
the parameter distributions developed for the
residential and building occupancy scenarios with
the probabilistic module developed for the
RESRAD and RESRAD-BUILD codes to support
NRC's license termination effort. The results
demonstrate that the codes and the developed
input parameter distributions can be used to
accomplish a probabilistic analysis. Application
of the process is therefore shown to be feasible
for site-specific modeling and analysis in the
future when data pertinent to a specific site can
be developed.

In a site-specific application, however, some
general aspects must be taken into account to
ensure accurate modeling and analysis:

o Parameter sensitivity depends on the
contamination configuration, and, therefore, it
is site specific. It is important that ranking of
key parameters be assessed for each
individual site.

» Potential correlation between a parameter
and the estimated dose varies from
radionuclide to radionuclide. Special
considerations, experience, and judgment
would be needed in obtaining an accurate
assessment.

« Site-specific data collection may be needed
for parameters consistently identified to be
important to the dose analysis in this report.

8.1 HIGHLIGHTS OF RESIDENTIAL
SCENARIO RESULTS

« Probabilistic dose analyses for 90 principal
radionuclides in three source configurations
were performed with distributions for
33 radionuclide-independent parameters and
many radionuclide-dependent parameters for
the residential scenario.

« Results indicate that the doses calculated
appear reasonable and show a consistent

pattern. The ratio between the 99th percentile
dose and 50th percentile dose ranges from
2.0 to 79 for all radionuclides. Such variations
depend on the source configurations and on
the type of radionuclide. For radionuclides
with a dominant external pathway, the ratio
between the 99th percentile dose and

50th percentile dose was close to 2.3
(Ag-108m and Eu-152). For radionuclides
with other dominant pathways, dose
variabilities were higher. However, site-
specific distributions should be used
whenever available, especially for sensitive
parameters such as the external shielding
factor and the plant transfer factor.

Input rank correlations between total porosity
and effective porosity and between bulk
density and total porosity were studied, and
the results were used in the probabilistic
dose analysis to ensure proper pairing
between the parameters.

Significant changes in dose values were
observed among the three source
configurations (i.e., changes in source
thickness or source area resulted in
significant changes in dose). For some
radionuclides (e.g., Ca-145 and H-3), dose
values changed by an order of magnitude.
The dose at 90th percentile increased by
12% to 2,900% when the source area
changed from 100 m? to 2,400 m? with a
constant source thickness of 15 cm. When
the source thickness was changed to 2 m
and the source area to 10,000 m? from a
source thickness of 15 cm and an area of
2,400 m?, dose at 90th percentile increased
by 5% to 2,600%.

For about 30 radionuclides, the upper 10% of
the peak doses occurred at times other than
time 0. For these radionuclides, sensitive
parameters would change with the dose
percentile selected.

The external shielding factor was the most
sensitive parameter in many cases when



external exposure was the dominant pathway
(this factor accounts for the shielding provided by

the

structure of the house when the receptor is

inside), and the total dose variability could be
explained with just the variability in the external
shielding factor.
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The plant transfer factor was the most
sensitive parameter in many cases when
plant ingestion was the dominant pathway
(such as for Ca-45 and Cs-135).

It was observed that no single correlation or
regression coefficient (e.g., PRCC, SRRC)
can be used alone to identify sensitive
parameters in all the cases. The coefficients
are useful guides, but they have to be used in
conjunction with other aids, such as scatter
plots, and must undergo further analysis.

HIGHLIGHTS OF BUILDING OCCUPANCY
SCENARIO RESULTS

Probabilistic dose analyses were performed
for 67 principal radionuclides for two source
types (volume and area), with three source
areas, with distributions for 15 parameters.

Results indicate that all parameter
distributions are reasonable and consistent
for all cases and radionuclides analyzed.
However, site-specific distributions should be
used whenever available, especially for
sensitive parameters.

Dose variability in the RESRAD-BUILD
results for the building occupancy scenario
for both volume and area sources was much
more than the dose variability observed in
RESRAD results for the residential scenario.
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Significant changes (by as much as 25-fold)
in dose values were observed with change in
source area (from 36 m? to 900 m?) for many
radionuclides (such as Cm-244 and Ni-63).
For radionuclides with a dominant external
pathway (e.g., Co-60, Cs-137), dose changes
with source area occurred only at high dose
percentile values. Because of shielding
between the source and receptor, dose
values did not change at low dose percentile
values.

For radionuclides with a dominant external
exposure pathway (e.g., Co-60, Cs-137),
shielding thickness between the source and
receptor was the dominant contributor to the
dose variability (ratio between the 95th
percentile dose and 50th percentile dose) for
volume as well as area sources.

For radionuclides such as Am-241 and
Pu-238 with a dominant inhalation pathway,
room area and source erosion rate were the
two most sensitive parameters for volume
sources. For area sources, the parameters
room area, removable fraction, and source
lifetime all contributed to the dose variability.

For a volume source, the ingestion pathway
was dominant only for two radionuclides (Ca-
41 and H-3). For surface sources, the
ingestion pathway was dominant for a few
more radionuclides (C-14, Cs-135, 1-129).

For radionuclides with a dominant ingestion
pathway (such as C-14 and Cs-135), in
addition to the sensitive parameters identified
for the inhalation pathway, deposition velocity
and resuspension rate also contributed to
dose variability.

When a rank correlation coefficient of 0.9
between deposition velocity and
resuspension rate was used, the dose
variability was significantly reduced (by a
factor of 7).
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